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In this research, a clinical probe utilizing Surface-Enhanced Raman Scattering (SERS) is 
developed for molecular imaging application which is a visualizing technology to support early 
diagnosis by providing images in molecular level. In addition to other molecular imaging 
applications using magnetic resonance, light, and ultrasound, Raman spectroscopy has great 
potential in terms of non-invasiveness, safety, imaging agent-free, and scanning multiple 
molecules at a time. However, the critical limitation of Raman spectroscopy using in-vivo 
molecular imaging application is the inherent low sensitivity of Raman effect. The challenge is 
overcome by employing SERS enhancing Raman scattering with concentrated electromagnetic 
oscillation in nanometallic structures. This phenomenon gives normal Raman spectroscopy more 
capabilities for diverse applications, especially for a clinical Raman probe of molecular imaging.  
The imaging apparatus is composed of three parts: SERS substrate with nanostructures, 
probe with gradient-index (GRIN) lens, and signal transmission system from the spectrometer and 
the probe. For a transparent SERS substrate, electrochemically etched porous silicon (PS) is 
employed as a master mold from which a transparent UV epoxy is cast, and different thicknesses 
of gold (Au) are sputtered over the cast nanostructures. Rhodamine 6G solutions on the transparent 
SERS substrates are characterized and analyzed with various aspects in a fluidic cell.  
In addition to the transparent SERS substrate, a clinical probe is customized with the 
optical analysis of gradient-index (GRIN) lens in order to focus laser beam on SERS substrate. A 
transmission system, called “articulated arm” is built with multiple rotating joints which reflect 
laser light 90 degree. The clinical probe is assembled with transmission system, and the scanned 
Raman signals are transmitted from the target specimen to the Raman spectrometer. Some 
measurement results of a gelatin block contains Rhodamine 6G demonstrate that the developed 
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CHAPTER 1. INTRODUCTION 
1.1. Molecular Imaging Technology 
Molecular imaging technology covers visualizations as well as characterizations of 
biological and biochemical procedures at molecular and cellular levels in living creatures without 
any damage. The technology has been developed since the 1980s and is currently becoming more 
attractive to diverse biomedical areas, because it moves from in vitro diagnosis to in-vivo detection 
[1]. This means that people are interested in studying molecular organization, interaction, and the 
formation or elimination within cells. It is obvious that molecular imaging technology is able to 
provide a valuable in addition to the study of biological phenomena, pathology, progress 
mechanism of disease, and drug development in research [2]. In addition, molecular imaging has 
kept improving with the necessities of early detection, precise diagnosis, and surgical guidance in 
medicine because internal diseases including gastric cancer and other biopsies are not easy for 
detection at the early stages [3]. The other advantages in molecular imaging technology are real 
time, non-invasive, rapid, and efficient analysis and diagnosis [4, 5]. Thus, it has considerable to 
 
 Table 1.1. The comparison of advantages and limitations between molecular imaging  





to improve the fields of diagnostics, medical treatment, and drug discovery and development. The 
advantages and challenges of the molecular imaging technology can be summarized by comparing 
it to typical in vitro technology in shown Table 1. 
1.1.1. Principle of Modalities 
Molecular imaging technology can be viewed in three different perspectives: the method 
of using energies including X-rays, positrons, photons, sound waves, spatial resolutions  including 
macroscopic, mesoscopic, and microscopic, and information types including anatomical/structural 
and molecular/cellular. The overview of molecular imaging technology is going to be briefly 
explained by the informational perspective [5, 7]. 
According to the informational perspective, molecular imaging technology separates into 
two modalities: anatomical/structural and molecular/cellular information. Anatomical/structural 
imaging information is detected by structural changes such as computed tomography (CT) [8], 
magnetic resonance imaging (MRI) [8, 9], and ultrasound [10]. Molecular/cellular imaging 
information is detected by molecular/cellular changes such as positron emission tomography (PET) 
[11], single photon emission computed tomography (SPECT) [12], optical imaging [5], and 
Surface-Enhanced Raman Scattering (SERS) [13, 14]. 
 Computed tomography (CT) is similar to two-dimensional (2-D) X-ray imaging and it can 
also provide three-dimensional (3-D) images. The meaning of the word “tomography” comes from 
the combination of Greek words. “Tomo” and “graphy” which translates to, “slice” and “drawing.” 
Thus, CT is able to produce 3-D anatomical images of tissues in living subjects by employing X-
ray absorption. CT is composed of three parts: X-ray tube as a source, detector as a receiver, and 
scanner bed as a sample loading stage depicted in Fig. 1.1. The X-ray tube and detector are located 
in the same axis but are attached to a circular ring against each other. In the circular ring, there is 
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a scanner bed and the ring rotates around in the direction of the bed. When the CT operates, the 
fan beam is generated by the X-ray tube and is simultaneously measured by the detector during a 
scan. The scanned image is then interpreted as white, black, or other various contrasts. White 
means high absorption of X-ray by tissues and bones, whereas black means low absorption of X-
ray by the air. The other various contrasts yield different detailed images. CT is commonly 
employed for research and clinic because of high spatial resolution, limitless penetration depth, 
and good temporal resolution. However, it also has some shortcomings regarding low sensitivity, 
low resolution for soft tissues, limitations of molecular imaging applications, ionizing radiation, 
and limitations of number of scans. 
 
 
Fig. 1.1. The schematic of computed tomography (CT). After references [6] 
  
MRI is one of the more powerful scanning tools using the energy of strong magnetism and 
radiofrequency (RF) for tomographic images of living subjects [9]. As shown in Fig. 1.2, the 
scanner is operated by three coils. The largest coil mostly generates uniform magnetic fields. The 







magnetic fields in all X, Y, and Z axes. The RF coil, the smallest of the three, generates an RF 
pulse that changes magnetic dipole alignment. In theory, it is the same as nuclear magnetic 
resonance (NMR) which use hydrogen atoms for living subject imaging [15]. Atoms are composed 
of nucleons and electrons. The nucleus is separated into protons and neutrons which spin about 
their axes. The existence of atomic angular momentum is dependent upon the quantitative balance 
of protons and neutrons in an atom. If they are balanced, the net angular momentum is zero, but 
they generate an angular momentum with odd number of protons and neutrons in nuclei. In nature, 
the angular momentum causes a magnetic field by the proton mass, spin, and charge. This 
generated magnetic field is called a magnetic momentum. It is known that the ratio of angular 
momentum and magnetic momentum is referred as gyromagnetic ratio, which is particularly 
important for magnetically active nuclei. Hydrogen (1H) is the most dominant element in the 
human body for magnetically active nuclei, and there are also some others including carbon (13C), 
oxygen (17O), fluorine (19F), sodium (23Na), and phosphorus (31P). MRI has many advantages of 
having limitless depth of penetration, quantitative data, and no ionizing radiation, whereas it also 
presents the disadvantages of poor sensitivity, no cost effectiveness, and inconvenience. 
 
Fig. 1.2. The schematic of magnetic resonance imaging (MRI). After references [6] 
Radio Frequency Coil 




 Ultrasound is also commonly employed for diagnostic and clinical purposes. The 
instrument is basically composed of a probe, a probe controller, and an imaging system as shown 
in Fig. 1.3. The probe has two functions: a transducer and a receiver. When the transducer transmits 
high frequency sounds, ranging from 1 MHz to 20 MHz, into a living subject, some sounds bounce 
back to the transducer [16]. The reflected sound frequencies show different properties compared 
to the transmitted frequency. The reflected sound wave to the receiver is eventually converted back 
into the electrical signal. Finally, the converted electrical signals are visualized on a screen through 
the image processing system. The ultrasound has the benefits of cost effectiveness and portability 
and it is relatively safe because of no ionizing radiation. However, it has the weakness of having 
limited penetration depth and it only shows basic anatomical information. The spatial resolutions 
of ultrasound ranges from 10 μm to 100 μm 
 
 
Fig. 1.3. The schematic of ultrasound instrument. After references [6] 
 
which are not suitable for good molecular imaging, and ultrasound also needs a coupling of 
instrument to the subject [17]. 
 PET and SPECT are the major nuclear imaging technologies which use radioactive 
substances in order to detect any changes in the living subjects at the molecular level. They have 
significant advantages including no penetration depth for scanning and excellent sensitivity for the 




clinical purpose [18]. The image of PET goes through a computer processing step by using 
radiolabelled imaging agent for a particular target molecule. The imaging agent is injected into 
living subjects and they are specifically concentrated into a target such as cancer and tumor as 
depicted on the left schematic in Fig. 1.4 (a). If the nucleus of the imaging agent possesses surplus 
protons it becomes unstable. The nucleus can be stabilized by changing the proton into a neutron, 
a positron, and a neutrino as the agent emits positron over time which is known as beta-plus decay. 
The emitted positron moves less than 1 mm, and it is reacted with the electron of a living subject, 
called annihilation. A pair of positron and electron generates two photons having 511 keV in 
energy with 180° in the opposite direction [11]. SPECT on the right in Fig. 1.4 (b) is very similar 
to the PET in terms of using radioactive substances for tomographic images. Conventional gamma 
camera provides 2-D image with radioactive substances, but SPECT generates a 3-D image with 
multiple shots of the gamma camera by a computer processing technique. The main difference 
between SPECT and PET is that SPECT directly measures the gamma rays from the radioactive 
substances, but PET measures gamma rays from the annihilation between the positron and the 
electron. Thus, SPECT has a lower resolution than the PET. In terms of cost effectiveness, SPECT 
is better than PET, however both are still relatively expensive compared with other imaging 
methods. Moreover, SPECT provides more information for a given image, since it allows the 
injection of more than two radioisotopes with labelling [18]. 
Optical imaging is also one of the molecular imaging technologies, and it has been studied 
for the basic imaging research and clinical diagnosis for a long time. Optical imaging has improved 
for scanning the entire human body because of the limitless penetration depth. In general, the 
optical imaging is divided into fluorescence and bioluminescence imaging. Fluorescence imaging 
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uses light energy absorption with external illumination in a certain wavelength, and fluorochrome, 
one of fluorescent chemical compounds, is employed to visualize molecular images such as 
 
(a)                                                                        (b) 
 
 Fig. 1.4 The schematics of (a) positron emission tomography (PET) and (b) single 
 photon emission computed tomography (SPECT). After references [6] 
 
 
encoded fluorescence reporters and fluorescence-tagged molecules [19]. On the other hand, 
bioluminescence in Fig. 1.5 does not require external light sources, because it utilizes 
chemiluminescent reactions between enzymes and their substrates, for instance, luciferase and D-
luciferin respectively. The enzyme oxidizes the substrate under the existence of 
adenosinetriphosphate and oxygen, and the reaction emits the yellow/green color light at 575 nm 
in wavelength [20]. The benefits of bioluminescence are lower background signals and higher 
sensitivity because of weak inherent bioluminescence of tissues and enzymatic signal 
amplifications for in-vivo detection, respectively. The issue of fluorescence imaging is that 
fluorescence light can only be detected in the range of 600 nm to 800 nm of the wavelength, 
because hemoglobin and water, a primary element of tissue, absorb light that is out of the range of 
the fluorescence lights [21]. 
SERS is one of the new emerging modalities for molecular imaging technology. SERS has 
been developed based on regular Raman spectrum, so it has become a new type of powerful tool 
γ 
γ 










for bioresearch and clinical use. In order to understand SERS, Raman effect must be addressed, 








 The Raman effect, also called Raman scattering, was discovered by C.V. Raman in 1928 
[23], and awarded him Nobel Prize in Physics in 1930. The phenomena described one of the 
scattering lights. The scattered light is primarily divided into two categories as described in Fig. 
1.6: Rayleigh and Raman scattering, or elastic and inelastic scattering, respectively. Rayleigh 
scattering has the same wavelength as the incident light, so it is observed in most of the scattered 
light. However, Raman scattering has different wavelength from the incident light, and is quite 
weak compared to the Rayleigh scattering. In addition, two types of Raman scattering can be 
observed: Stokes and anti-Stokes. The difference is that Stokes scattering produces lower energy 
light than the incident light, whereas the anti-Stokes scattering produces higher energy light. 
The Raman scattering effect is employed in Raman spectroscopy which is a widely utilized 
spectroscopic technique. As shown in Fig. 1.7 (a), a modern spectrometer is composed of four 
major parts; a laser as a light source, sample illumination and light collection system, Rayleigh 










Fig. 1.6 Two types of scatterings: Rayleigh and Raman scattering with Stoke and anti-Stoke.  
After references [24] 
 
 
Raman spectroscopy at the EMDL, LSU is shown in Fig. 1.7 (b), which is comparable to the 
schematic. Raman spectroscopy is commonly used for biosciences, analytical chemistry, solid 
state physics, and other fields which need material characterization, because the measurement can 
usually be carried out both in solid and in liquid phase, and sample preparation time is shorter than 
for most other analysis tools. Also, it does not require a large quantity of sample volume, since the 









 Fig. 1.7 Two images show (a) the schematic of normal Raman spectroscopy and  










of a non-destructive method and a short measurement time. However, it is necessary to improve 
the sensitivity, because Raman is relatively a weak effect. Thus, efforts have been made to increase 
the laser power in order to overcome the weak signal, but high laser power can sometimes destroy 
the biological samples. 
1.3. Surface-Enhanced Raman Scattering (SERS) 
Surface-Enhanced Raman Scattering (SERS) emerged in the 1970s [25] and has been 
intensively studied both theoretically and experimentally in order to overcome the inherently weak 
Raman effect [26]. Since the 1980s, various approaches have been applied including rough 
metallic surface [27], colloidal metal nanoparticles [28], metallic islands [29] , and so on.  
In principle, SERS employs surface plasmon resonance (SPR) which is a collective 
oscillation of electrons of the material by a radiated electromagnetic (EM) wave. It normally takes 
place in high conductive metals such as gold (Au), silver (Ag), and copper (Cu), because of many 
electrons on their surfaces. The SPR can be divided into two effects depending on the location of 
the plasmon [30]. If the plasmon propagates along the thin metallic surface, it is called, surface 
plasmon polaritons (SPPs.) The SPPs propagation distance is from tens to hundreds of micrometers 
in the plane (x- and y- direction), but SPPs do not exist in the z-direction. If the surface has 
nanostructures which are smaller than the wavelength of the incident light, surface plasmons with 
a certain frequency are trapped around the nanostructure, referred to as a local surface plasmon 
resonance (LSPR.) In terms of detection, surface plasmon resonance (SPR) is relatively easier 
because it shows large changes in refractive index rather than LSPR which EM field disappears in 
a very short range. However, in terms of intensity, LSPR has higher molecule densities than SPR 
in the same area, due to its unique nanometallic structures. It is believed that the Surface-Enhanced 
Raman Scattering (SERS) is mostly attributed by LSPR, depending on the nanostructural 
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dimension, shape, and distance between nanostructures. In addition, SERS has simultaneously 
improved by another enhancement mechanisms; chemical enhancement [30].  
In summary, the EM enhancement mechanism is dominant in SERS effect and LSPR is the 
major contributor in the EM enhancement. The induced LSPR area between the nanometallic 
structures is called the SERS active site, and the intensive LSPR at the SERS active site is called 
“hot spot.” The enhancement factor by this mechanism is about 105-108 when the target molecules 
are close enough to the metallic surface within approximately tens of nanometer range. This means 
that the EM mechanism does not require that the analyte makes contact with the metal surface [31], 
and it has been shown that the distance between analyte and metal surface is a significant factor in 





where a and r are the average dimension of nanostructure and the distance between analyte and 
nanostructure, respectively [32]. 
On the other hand, chemical enhancement is less significant in SERS effect and this 
enhancement is also called a “charge transfer” mechanism because it occurs when the molecule is 
adsorbed to the nanometallic structure. The adsorbed molecule and the metal surface make a 
covalently bonded complex which changes the Raman polarizability of the molecule. When the 
incident light exposes to the molecule and the metal surface, the electrons/holes in the metal are 
excited and inelastic tunneling of the electrons occurs to the lowest unoccupied molecular orbital 
(LUMO) of the adsorbed molecule. The electrons generate a Raman-shifted photon when the 
electrons are relaxed to where it was in the metal [33]. The illustration of Fig. 1.8 describes direct 







 Fig. 1.8. The charge transferring schematic in the chemical enhancement  
 mechanism of the SERS cross-section. After reference [24] 
 
  
SERS happens with two mechanisms; electromagnetic and chemical mechanisms which 
are already explained. SERS enhancement factor (EF) simply can be calculated by the signal 





where ISERS is the enhanced Raman intensity and NSERS is the number of molecules participated in 
the enhancement. IRef and NRef are representative to the non-enhanced Raman intensity and the 
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1.4. Surface-Enhanced Raman scattering (SERS) Substrates 
Many nano-sized geometries with metals such as gold (Au), silver (Ag), and copper (Cu) 
are potential candidates for the SERS substrates. Typically Au, Ag, and Cu are used for SERS 
substrate, because their wavelengths caused by localized surface plasmon resonances (LSPR), in 
the visible and near infrared range in Table 1.2, include useful Raman spectrum. However, Au and 
Ag are more commonly employed, since the optical properties and stabilities against air of these 
metals are superior to other metals [35, 36]. Au and Ag nanoparticles [37-40] synthesized from 
solutions are applied for SERS substrates as illustrated in Fig. 1.9 (a), because the metal 
nanoparticles are simple, low-cost in process, and demonstrate higher enhancement factors. 
However, nanoparticles have some drawbacks such as poor reproducibility due to the nanoparticle 
control limitation under liquid and nanoparticle agglomeration from high surface-to-volume ratio 
[41]. 
 
 Table 1.2. Different localized surface plasmon resonance wavelength ranges of  
 gold (Au), silver (Ag), and copper (Cu) for SERS substrates. 
 
Au and Ag also can be employed as a thin film by deposition over the nanostructure shown 
in Fig. 1.9 (b), (c), and (d). The method using metallic film is more reproducible, stable and 
controllable during fabrication, but it does not provide as high an enhancement effect as the 
nanoparticles in SERS. Researchers have categorized two types of nanostructures, one is randomly 
distributed nanostructures and the other is periodically arrayed nanostructures for SERS study. 
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Random nanostructures are defined as any nanostructures whose arrangement is random, so the 
nanostructures in a random array are rapidly fabricated with diverse ways in a large area [27, 42-
44]. Randomly distributed nanostructures are effectively used for SERS substrate with ease and 
fast fabrication processes, but stability of SERS enhancement of the random structures is worse 
than the periodically arrayed structures. Thus, periodically ordered nanostructures provide more 
reliable SERS effect with various lithography technologies such as nanosphere lithography [45-
47], focused ion beam (FIB) [48, 49], electron-beam (e-beam) lithography [50, 51] and 
nanoimprint lithography (NIL) [52-54]. The patterned template using lithography is quite 





 Fig. 1.9 Various nanostructures of SERS substrate: (a) metal nanoparticle film,  
 (b) metal-coated nanosphere structure, (c) metal-coated random nanostructure,  
 and (d) metal-coated patterned nanostructure. After reference [26] 
 
 
(a) Metal nanoparticle film 
(b) Metal-coated nanosphere structure (d) Metal-coated patterned nanostructure 
(c) Metal-coated random nanostructure 
Substrate Metal Nanosphere 
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CHAPTER 2. RESEARCH MOTIVATION AND GOAL 
2.1 Research Motivation 
Molecular imaging technologies are normally defined as real time and noninvasive 
visualizing systems of molecules or cells within living organisms, so they have become 
indispensable tools for not only early detection of molecular and cellular abnormalities for clinical 
applications, but also to enlighten intricate biochemical phenomena in research [55]. Modalities of 
molecular imaging technology include computed tomography (CT), magnetic resonance imaging 
(MRI), positron emission tomography (PET)/single photon emission tomography (SPECT), 
ultrasound, optical imaging, Surface-Enhanced Raman Scattering (SERS), and so on [7].  
Even though current molecular imaging technologies are used in the clinics and research, 
they still need improvements as in-vivo molecular imaging for the following reasons. CT has a 
limitation in visualizing the molecular level imaging because of the low sensitivity of CT-
compatible contrast agents. MRI also suffers from low sensitivity in molecular imaging beyond 
anatomical morphologies. Meanwhile, PET/SPECT can scan structures in molecular levels with 
relatively high sensitivity without any limitation of penetration depth, but the scanning time is 
limited by the radiation dose because of radionuclide imaging agent. Ultrasound also still needs to 
improve sensitivities for imaging molecules. Moreover, optical image using white light scattering 
relies on visualization of tissue deformation and color change, and fluorescent imaging requires a 
rapid photobleach of fluorescent molecules which limit detection sensitivity and research duration 
[7]. Because of the limitations in other imaging modalities, interest has moved to using Raman 
scattering as an alternative and an auxiliary method. Molecular imaging by employing Raman 
scattering is able to provide more accurate specificity based on molecular or cellular composition 
as a less invasive and label free technique. However, Raman scattering also has some challenges. 
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Raman scattering is weaker than fluorescence signal, so it has a relatively low efficiency. Raman 
spectrometer is also needed to improve the collection efficiency under short spectral acquisition 
time and the spectrum analysis from the unknown confound. In order to improve Raman scattering 
Surface-Enhanced Raman Scattering (SERS) was developed. SERS is able to provide the benefits 
of high sensitivity and good multiplex capabilities. Rough nanometallic features for SERS are able 
to increase the signal intensities by at least 106 times compared to the normal Raman scattering. 
The enhancement factors are divided into two mechanisms; one is electromagnetic enhancement 
and the other is chemical enhancement. The first mechanism is that if incident light hits a rough 
metallic surface the electromagnetic wave is amplified by the resonance of the localized surface 
plasmon resonance (LSPR) which enhancement factor is about 104 by the near field. The second 
mechanism is involved with the charge transfer between the molecule and the metal surface in the 
range of long field where the enhancement is approximately a factor of 102. However, the 
enhancement factors are determined by dielectric environment, shapes, distances between 
nanostructures, and sizes of the nanofeatures. 
This research aims to develop a contact type clinical probe by employing SERS which is 
suitable for the detection of an early abnormal tissue by collecting quantitative information of the 
molecules and cells. This approach is comparable to the first successful in-vivo endoscope using 
colloidal gold (Au) nanoparticles in order to detect tumor in a mouse [56]. This research proposes 
that a contact type SERS probe which is composed of a SERS probe head, a light path media, a 






2.2 Research Goal 
This research describes clinical probe development utilizing a SERS substrate for contact 
detection. The designed probe can overcome the critical disadvantage of weak Raman signals for 
remote measurement with SERS substrate. The substrate needs to be transparent and 
biocompatible, so the illuminating laser is focused on the nanometallic surface through the 
substrate which is pressed against or inserted into the biological sample. Therefore, this proposed 
research deals with the development of transparent SERS substrate, clinical probe, and optical 
transmission system.    
Firstly, a suitable transparent SERS substrate has to be developed for a probe head. Here, 
porous silicon (PS) is employed for building a SERS substrate. PS is a master mold in SERS 
substrate development. Some groups have used PS for SERS substrate because of its unique three-
dimensional (3-D) structure [57-59], but it is rarely used as a master mold because of replication 
difficulties. For PS structure replication, ultraviolet (UV) curable epoxy is used because it is 
relatively hard, transparent and biocompatible compared to polydimethylsiloxane (PDMS). The 
process is very simple, cost effective, and short preparation time and the enhancement 
characteristics of the transparent SERS substrate are comparable in reflectance and transmission. 
The enhancement comparison provides more functional information for the SERS substrate before 
applying for a probe. 
Secondly, a clinical Raman probe is built with the SERS substrate. The designed probe is 
composed of aluminum housing and stainless steel tube. Optical elements of small positive lens 
and GRIN lens with a transparent SERS substrate are implanted in the housing and stainless steel 
tube, respectively. Small GRIN lens is adopted for focusing the laser light through the transparent 
SERS substrate and the GRIN lens allows a narrow probe tip to minimize invasiveness.  
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Finally, a light transmission system is developed which is called “an articulated arm”. The 
key parts of the articulated arm are rotating joints with 45° angled mirrors. The probe is directly 
attached to the articulated arm which is also connected to the Raman spectrometer without the 
normal objective and the feasibility of the clinical Raman probe using SERS substrate is 







































CHAPTER 3. EXPERIMENT SETUP 
3.1. Porous Silicon Substrate Preparation 
3.1.1. Porous Silicon 
 Hollow silicon structures are formed by electrochemical etching under hydrofluoric acid 
(HF) mixed with ethanol (EtOH). Cross sections of etched structures are vertically hollow dents, 
which are called porous silicon (PS) as illustrated in Fig. 3.1. Surface-to-volume-ratio is 
dramatically increased with morphological complexities, and unique porous structures have been 
used in many applications including gas sensors  [60, 61], optical filters [62], solar cells [63], 




 Fig. 3.1 The cross-sectional view of porous silicon formation. Porous structures are  
 formed under an electrolyte, and the structures are also separated from bulk  
 silicon at the bottom.  
 
 
Uhlir and Turner [67, 68] first observed PS under some particular conditions during the 
electropolishing of silicon surfaces in the late 1950s. After it had been discovered, they believed 
that subfluoride (SiF2)x was grown on the silicon surface by the electrochemical reaction. However, 
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several years later, it was proved that no subfluoride was grown during the anodic dissolution. 
Many researchers have proposed various theories regarding PS formations and morphologies. V. 
Lehmann and U. Gösele [69] have proposed one acceptable theory. Silicon (Si) atoms at the 
surface are bonded with two hydrogen (H) by weak polarization due to their similar 
electronegativity, so that the silicon surface is inert in the absence of the electronic holes (h+) in 
Fig. 3.2 (a). However, if the hole gets to the silicon surface under an electric field, the Si-H bonds 
are replaced with a Si-F bond due to the nucleophilic attack of the fluoride ions (F-) in Fig. 3.2. 
(b). One Si-F formation generates a polarization, and another F- is attracted and replaces Si-H into 
Si-F bond as shown in Fig.3.2 (c). The presence of the Si-F bonds’ polarization weakens the Si-Si 
backbonds with a low electron density, and therefore the HF attacks the rest of the Si-Si backbonds 
as indicated in Fig. 3.2 (d). During these steps, H2 is generated and one electron is injected into the 
Si electrode. As a result, silicon tetrafluoride (SiF4) molecules are formed at the silicon surface, 
and SiF4 molecules eventually react with another HF molecule in order to further stabilize the 
hexafluorosilicate anions (SiF62−) in Fig. 3.2 (e). Once one silicon atom is extracted from the 
surface, geometrical shapes of the silicon surface are also changed. Thus, the electric field 
distribution is highly focused in a trench, and the probability of the h+ transfer is increased over 
other locations. According to this process, vertical etching is preferred than horizontal etching 












 Fig. 3.2 The mechanism of porous silicon formation. (a) Si atom is bonded with two H atoms  
 at the surface, (b) Si-H bonds are replaced by Si-F due to the nucleophilic attack of  
 the fluoride ions, (c) another F- is attracted and replaces Si-H into Si-F bond, (d) HF  
 attacks the rest of the Si-Si backbonds, and (e) SiF4 molecules are formed, and  
 eventually react with another HF in order to further stabilize the formation of SiF62−. 
 After reference [69] 
 














PS can form quite versatile morphologies because of geometrical distributions on the 
surface. Pore dimensions, shapes, and orientations are the major factors changing the morphologies. 
It has been known that the orientation of the PS is quite dependent upon the orientation of silicon 
substrates. In this research, (100) silicon wafers, which make highly perpendicular pores against 
silicon surface, are used for electrochemical etching. 
In a big picture, pores can be divided into three different categories depending on the pore 
diameters such as micro pores (less than 10 nm), meso pores (between 10 and 50 nm) and macro 
pores (larger than 50 nm) as shown in Table 3.1 [70] . Basically, modifications of pore diameters 
are dependent upon doping types and concentrations of silicon substrates, HF concentrations, 
current densities, and processing times. The relationships with increasing values of the parameters 
are summarized in Table 3.2. 
 
Table 3.1.  Porous silicon (PS) types depending on pore diameter. 
 
(1) Doping type and doping concentration 
 The pore sizes of p-type and n-type silicon are differently affected as the doping 
concentration increases. The porosity of the p-type silicon inversely decreases to the increase of 
the doping concentration, but the n-type silicon increases its porosity with an increase in the doping 




(2) Current density and HF concentration 
 When the current density increases, the pore size is also slightly increased in both p-type 
and n-type silicon. The electrolyte is a mixture of hydrofluoric acid (HF) and ethanol. HF is the 
main etching chemical in the electrolyte. As the HF concentration increases, the porosity is 
decreased. Ethanol in the electrolyte is used for two reasons: one is that alcohol provides good 
wettability against hydrophobic Si surface, so the electrolyte easily covers evenly through the 
small pores. The other is that ethanol is able to effectively eliminate H2 bubbles from where the 
pores are formed. This is quite significant because, during the electrochemical etching, H2 bubbles 
are generated as a by-product, which is likely to stay near the pore site and disturb the next pore 







 Table 3.2 Effects with increasing factors on porous silicon formation such as doping  







Pores can be formed with or without the branches which is smaller pores formed from main 
pores. Pore branch creations depend on the doping concentration of the silicon substrate. Generally, 
branch formations in the p-type wafer are different from that in n-type silicon wafers. In p-type 
silicon wafers, more branches are observed in low doped silicon substrates. On the other hand, 
highly doped n-type wafers have more branches than the minimally doped ones. In this etching 
process, a highly doped p-type wafer is employed, and therefore the branches are seldom observed 
as shown in Fig. 3.3. In addition, when the PS is vertically etched from the bulk silicon substrate, 
the shapes of the interface between the PS and the bulk silicon substrate are highly concave and 
the depth difference of the concave between the center and the edge is tens of nanometers as 
evidenced by the SEM image in Fig. 3.3.  
 
 
 Fig. 3.3 The pores in the highly doped p-type silicon wafer have no branches and  
 show concave interfaces form between the pore structures and the bulk  
 silicon substrate. 
 
3.1.2 Wet Etching 
An anodization cell is designed for the electrochemical etching of a single crystal silicon 
shown in Fig. 3.4. The cell is mainly composed of three parts: an aluminum plate at the bottom as 
an anode, a Teflon block in the middle as an electrolyte container, and a platinum (Pt) wire at the 
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top as a cathode. The anode and cathode are connected to a power supply. In this experiment, a p-
type silicon (Si) wafer is used for convenience compared to an n-type wafer in etching process for 
the following reason. In n-type Si wafer, the majority carriers are electrons, therefore it needs 
additional light illuminations in order to produce enough number of holes, because the etching 
process is active under the abundant holes. A highly doped p-type Si wafer, which has very low 
resistivity (~0.001 Ω∙cm), is placed on the aluminum plate and an aluminum foil is sandwiched in 
between the aluminum plate and Si wafer in order to improve the contact to the aluminum plate. 
Using aluminum foil makes the etching preparation much easier and faster instead of aluminum 
deposition on the backside of Si wafer. The etch area is defined by O-ring (25 mm in diameter) 
with a Teflon block on the Si wafer. The cell is tightened by 8 screws around the Teflon block and 
it is filled with a mixture of HF/ethanol having the volume ratio of 3:7. The applied current density 
is 13 mA/cm2 through electrodes, and the processing time is 3 min. 
 




After the etching process, the PS is rinsed several times with ethanol and DI water and dried 
in ambient atmosphere. The PS periodically shows various colors from the center to the edge, 
where the color change is dependent upon the pore dimensions as shown in Fig. 3.5 (a) [72]. The 
reason for this difference in the pore dimensions is that the applied current from cathode to anode 
is not uniformly distributed with Pt wire under the HF/EtOH electrolyte. The outside of the colored 
circle in Fig. 3.5 (a) is the bare silicon, so the etched silicon wafer contains two different regions: 
the wet etched region and the bare silicon region. In this research, the target pore diameter is 
approximately 100 nm in order to use the structure as a master mold, however the SEM image in 
Fig. 3.5 (b) only shows smaller pores on the top of the PS.  
 
 Fig. 3.5 Images of (a) electrochemically etched porous silicon and (b) SEM at the  
 center of the sample. 
 
3.1.3. Wet and Dry Etching 
Dry etching of a porous silicon (PS) is followed after the wet etching process under a 
certain condition. The electrochemically etched PS is covered with micro pores on the top whose 
dimensions are even smaller than the inside of the pores at the deeper level. This is called a 
transition layer, which formation, the micro pores above the macro pores, is caused by the surface 
conditions of the silicon wafer, particularly the surface roughness [70]. In order to get a certain 








(PlasmalabSystem 100, Oxford Instruments.)  Here, SF6 is used as an etching gas and the applied 
flow rate is 40 sccm for 10 seconds with 200 W. The periodical color of the PS is changed after 
the RIE etching as shown in Fig. 3.6 (a). The SEM image in Fig. 3.6 (b) is also taken at the center 
of the PS, and it displays clear porosity in the SEM image compared with the PS before the dry 
etching. During the dry etching process, bare silicon regions, the outside of the PS boundary in 
Fig. 3.6 (a), are also exposed to the etching gas. The image also shows two different etched regions, 
the wet and dry etched region and the dry etched region only. Thus, the silicon wafer through the 
whole etching processes is divided into four parts: the bare silicon, the wet etched region, the dry 
etched region, and the wet and dry etched region. 
 
 
 Fig. 3.6 Images contains (a) wet and dry etched porous silicon in the circle and also  
 only dry etch silicon outside of circle,  (b) SEM image at the center of wet  
 and dry etched area. 
 
For calculation of vertical dry etch rate, 45° angled SEM images are used. The cross 
sectional views of the schematic (top) and SEM (bottom) in Fig. 3.7 (a) show pore depths of about 
1.24 μm only with the wet etching, but the removal of micro pores on the top changes the pore 
heights into approximately 990 nm through the dry etching as the schematic (top) and the SEM 
(bottom) shows in Fig. 3.7 (b). Thus, roughly 200 nm is etched for 10 seconds. This can be 
converted into 1.2 μm/min. This result is compared with normal silicon etching rate of 200 nm/min 
(a) (b) 




under the same condition. Because of the high porosity, the etching rate of PS is 6 times higher 
than that of a bare silicon under the same etch conditions. 
 
 
 Fig. 3.7 The schematic comparison between (a) before and (b) after the dry etching  
 with 45° angled SEM images. 
 
3.2. Nanostructure Replication from Porous Silicon 
In this study, porous silicon (PS) is used as a master mold in order to cast nanostructures 
from it. PS has a geometry that yields an extremely high surface-volume ratio, therefore direct 
replication is an issue for such a master mold. UV curable epoxy and PDMS are suitable candidates 
as a casting material. UV curable epoxy has a higher Young’s modulus than PDMS, however its 
strong adhesion to silicon destroys the master mold when replicating. On the other hand, PDMS is 
able to easily cast from the master mold, because it is hydrophobic against silicon. However, the 
softness of PDMS causes tearing of cast films when it is peeled from the mold. Thus, in this 
research, a UV curable epoxy is chosen, and the disadvantage mentioned above is overcome by 
the following methods. 
Dry Etch 
Wet etched porous silicon 
1 μm 
(a) 
Wet and dry etched porous silicon 





3.2.1. Gold Deposition as Releasing Layer 
Anti-adhesion is one of the significant issues when feature dimensions are decreased to nano-
scale because of the high surface-to-volume ratio [73]. Especially, in nanoimprint lithography 
(NIL), an anti-sticking layer decreases the stamp surface energy, and it is critical in protecting both 
the master mold and the imprinted features [74]. It is obvious that the anti-sticking agent has to 
cover the small structure as a thin, uniform, and conformal layer. In addition, the agent has to be 
inert and hydrophobic against the stamp material. Currently, it seems that silane has been widely 
used as an anti-sticking agent if silicon is used as a master mold. The chemical agent is preferred 
to be coated in a vapor phase rather than liquid phase, because vapor phase is able to coat uniformly 
to a small structure and also is not bothered by the wettability of the mold surface [75]. However, 
silane is a toxic chemical, and it needs a good ventilation system. In order to control the quality of 
anti-adhesion layer, a chemical vapor deposition (CVD) setup is required. Therefore, silane is not 
used in this research, however a gold (Au) coating can replace the role of silane. Gold naturally 
has a poor adhesion to Si. Au still shows similar characteristics to the porous silicon. A gold layer 
may be simply deposited by sputter or evaporator. Here, gold coating is performed by a sputter 
(Denton plasma coating) with the applied current 450 mA for 400 seconds. The thickness of the 
gold layer is basically controlled by the applied current and deposition time. The results show that 
gold thickness is approximately 20 nm ± 3 nm.  
3.2.2.  Epoxy Casting 
Ultraviolet (UV) curable epoxy (Norland Optical Adhesive 68, Edmund Optics America) is 
a well-known material as an optical bond. The epoxy is only hardened when UV light is exposed 
for a certain amount of time. UV curable epoxy maintains its optical transparency before and after 
the curing, and it has a refractive index of about 1.54 which is very close to the refractive index of 
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glasses. A few drops of UV curable epoxy are gently placed over a thin gold (Au) layer on the wet 
and dry etched porous silicon (PS), and the liquid uniformly spreads and covers the substrate with 
a transparent plastic film. Under the 13 W UV light, the epoxy needed 5 minutes of hardening time, 
and it was easily peeled off from the PS because of the thin gold layer. The illustration in Fig. 3.8 
(a) describes nanostructure casting procedure from PS. In addition, the images in Fig. 3.8 (b) show 
the cast UV curable epoxy from a quarter of the entire PS which thickness is about 500 μm. All 
releasing gold layers were transferred into UV curable epoxy with cast nanostructures which were 
necessary for Surface-Enhanced Raman (SER).  
 
 
Fig. 3.8 (a) Illustration of nanostructure casting steps and (b) images of cast epoxy  
 from porous silicon which has nanostructures inside of a quarter circle. 
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3.3. Measurement Setup of Surface-Enhanced Raman Scattering (SERS) 
Raman spectra are measured with Raman spectroscopy which basically detects inelastic 
scattering with monochromatic light, and the spectroscopy is able to measure many molecules in 
different phases including solid, liquid, and gas. The spectroscopy is composed of four parts: a 
light source, a light illumination and collection system, a wavelength selector, and a detector. In 
this research, a Raman spectrometer (LabRAM, HORIBA JOBIN YVON) utilizes a 1 mW 633 
nm wavelength laser with a long working distance 50x (N.A. = 0.55) objective purchased from the 
Olympus Corporation. In general, there are three types of SERS measurement using conventional 
Raman spectroscopy, namely, target molecule drop and dry on the SERS active area, target 
molecule flowing with SERS active nanometallic particles, and target molecule flowing over 
SERS active area as illustrated in Fig. 3.9 (a), (b), and (c), respectively. The first method, drop and 
dry in Fig. 3.9 (a), presents the highest Raman signals, because the target molecules are 
concentrated and are strongly bonded to the metal feature as the solvent dries out. The second 
method, flowing target molecule with SERS active nanometal in Fig. 3.9 (b) does not show as high 
Raman intensity as the first method, because less quantity of the target molecules are involved in 
SERS. Moreover, the third method, target molecule flowing over the SERS active area in Fig. 3.9 
(c) also shows weak Raman signal compared to the first method, since the target molecule freely 
moves in a fluidic channel and only a few molecules diffused into the SERS active area contribute 
to the enhancement. In comparison with SERS measurement methods in drop and dry as Fig. 3.9 





 Fig. 3.9 Typical Surface-Enhanced Raman Scattering (SERS) measurement methods including  
 (a) drop and dry, (b) flowing target molecule with SERS active nanometallic particles,  
 and (c) target molecule flowing over SERS active area. After reference [76] 
 
In this research, target molecules are detected over a nanometallic surface with liquid, since 
this measurement is closer to a real detection method with an endoscope under critical condition. 
In order to make a reliable measurement setup, fluidic cell is built with glass slides, metal tube 
with 1 mm outer diameter, and coverslip at the top as shown in Fig. 3.10 (a). Glass body is preferred 
to polymer such as PDMS or PMMA because glass has less back ground Raman spectrum and its 
transparency is better than any other material. Glass also does not need additional fabrication step 
except for the assembly. Each part is bonded by a transparent resin. The fluidic cell is attached to 




















cell with stability, because the fluidic cell is not geometrically stable by itself when it is loaded 
onto the Raman stage. The measurement schematic is illustrated in Fig. 3.10 (b). An analyte is 
injected by syringe into the inlet and it is held during Raman measurement. After the measurement 
is completed, the analyte is drained through the outlet. Fig. 3.10 (c) describes each layer of the 





 Fig. 3.10 The schematic of (a) fluidic cell parts including different sized glass slides,  
 metal tube with 1 mm outer diameter, and wooden block, (b) a direction of  
 injecting target analyte into the fluidic cell, and (c) zoomed active area having  





CHAPTER 4. TRANSPARENT SURFACE-ENHANCED RAMAN 
SCATTERING SUBSTRATE CHARACTERIZATION 
 
In this chapter, the nanorough gold on epoxy needs to be optimized for on the gold 
thickness. Optimized gold thickness can provide maximum SERS enhancement and can help build 
a suitable endoscope probe. In order to analyze SERS spectrum, all background spectra must be 
measured. Some target analytes have to be prepared with different concentrations to observe 
detectable ranges. At the end of this chapter, the actual measured spectra in reflection and 
transmission are provided, and their values are also compared to select the optimal condition of 
the nanorough gold on epoxy. 
4.1 Different Gold Thickness Deposition 
Surface-Enhanced Raman Scattering (SERS) is dependent upon shapes, sizes, and 
distances between nanostructures. In this research, forms of nanostructures are initially determined 
by a pore shape of the porous silicon (PS) as a master mold. After the nano-features are cast, the 
size and the distance between the nanostructures can be modified by metal deposition. Here, 
different gold (Au) thicknesses are deposited over the cast rough epoxy from the PS. The same 
sputtering machine is used when Au releasing layer is deposited. When the epoxy is cast from the 
PS with the releasing layer, non-continuous Au releasing layers are transferred to the epoxy, 
because of the epoxy adhesion to gold layer. On top of the non-continuous Au layer, additional Au 
layers are sputtered with thicknesses of 20 nm, 50 nm, and 80 nm shown in Fig. 4.1 to find an 
optimal Au thickness for the transparent SERS substrate. 
When wet etched silicon went through a dry etching process, two kinds of etching regions, 
the wet and dry etched and only the dry etched area, were eventually formed as explained in 
subchapter 3.1.2. The wet and dry etched and only the dry etched areas were cast at the same time. 




 Fig. 4.1 Different additional gold thicknesses (20 nm, 50 nm, and 80 nm)  
 on cast epoxy from wet and dry etched silicon.  
 
is the additional gold on wet and dry etched area and bright yellow color is the additional gold on 
only the dry etched areas. When gold is covered on both areas, the surface morphologies show 
different patterns. The SEM images in Fig. 4.2 (a) and (b) show 60 nm of gold deposition on the 
cast epoxy substrates with only the dry etched area and with both wet and dry etched area, 
respectively. The gold on the cast epoxy from wet and dry etched area in Fig 4.2 (b) has more 
roughness than the one on the cast epoxy from only dry etched area in Fig 4.2 (a). The different 
roughness is able to contribute to different enhancements of SERS. 
 
 
 Fig. 4.2 UV curable epoxy is cast from (a) dry etched area and (b) both wet and  
 dry etched area, and 60 nm of gold is deposited on (a) and (b) [77].  
 
 However, SEM images are not sufficient to provide quantitative number of roughness to 
such small surface morphologies, therefore the images of atomic force microscopy (AFM) are 
taken to see the surface roughness in Fig.4.3. AFM images of the two cast epoxy substrates, the 




wet and dry etched and only the dry etched areas are shown in Fig. 4.3 (a) and (b), respectively, 
where each substrate is covered with 40 nm of gold. Root mean square (RMS) height variation of 
both prepared epoxy samples are measured by AFM. A cast epoxy from only the dry etched area 
with the gold deposition shows relatively smooth surface morphology in Fig. 4.3 (a) and its RMS 
height variation is 14 nm. On the other hand, the epoxy from the wet and dry etched area with the 
same amount of gold thickness shows a rougher profile in Fig. 4.3 (b), and the RMS height 
variation measured is 32 nm. These RMS height variations are quite comparable to the AFM 
images.  
 
 Fig. 4.3 AFM images of 40 nm gold on epoxy substrates casting from (a) only dry etched  
 region and (b) both wet and dry etched region. The roughness of two regions are  
 compared within the scanned 1 μm range. The RMS roughness is 14 nm on only  
 the  dry etched region and 32 nm on the both wet and dry etched region. [77]. 
 
4.2 Background Raman Signals 
A fluidic cell as described in the previous section was developed for Surface-Enhanced 
Raman Scattering (SERS) measurement. The detection areas of the fluidic cell are composed of 
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layers including two microscope slides, a thin gold layer bonded to epoxy, and coverslip. All of 
these substances are optically transparent, so when laser beam is focused on the SERS activation 
site of the fluidic cell, different Raman signals can be observed at the focused target. In addition, 
Raman spectra of gold coated epoxy cast from the two etching methods, namely the dry etching 
only and a combination of the wet and dry etching, are compared when air and DI water flow 
through the fluidic cell as shown in Fig. 4.4, because some target solutions are almost transparent 
at low concentrations, and therefore the background Raman signals can help clarify the 




 Fig. 4.4 All background spectra involved in the fluidic cell development. Particularly,  
 epoxy shows the highest spectrum, but the overall peaks are not overlapped  




4.3 Target Material Preparation 
4.3.1 Rhodamine 6G (R6G) 
Rhodamine 6G (R6G) organic dye is widely used in biological applications including flow 
cytometry [78, 79], fluorescence correlation spectroscopy [80, 81], fluorescence microscopy [82, 
83] and enzyme-linked immune sorbent assay (ELISA) [84], because of its easy detection and 
chemical stability. R6G is widely used for SERS analysis because it has a large cross-sectional 
Raman scattering [85]. The chemical formula of R6G is C28H31N2O3Cl as shown in Fig. 4.5 and 
its molecular weight and solubility in 25 °C water are 479.01 g/mole and 20 g/L, respectively [44].  
 
Fig. 4.5 Chemical structure of Rhodamine 6G. 
 
For SERS detection through the nanorough gold in a fluidic cell, R6G powder was 
dissolved in water at room temperature, and R6G solutions were prepared in different 
concentrations from 1 mM to 1 nM. The solutions are visibly red at higher concentrations, but 
when it is diluted below 1 μM, the color becomes almost transparent (Fig. 4.6). 
4.3.2 Gelatin with Rhodamine 6G (R6G) 
A transparent Surface-Enhanced Raman Scattering (SERS) substrate was developed to 
support early detection of abnormal tissues in medical diagnosis. Rhodamine 6G (R6G) solutions 
were a good analyte for a prototype in-vitro measurement of the transparent nanorough gold, but 




Fig. 4.6 Different concentrations of Rhodamine 6G solutions. 
 
Therefore, gelatin was used in order to prepare an artificial condition like a human tissue [86]. 
Gelatin is basically composed of peptides and proteins derived from tendons, ligaments, skins, 
corneas, and guts. It was easily mixed with hot water and it became a transparent gel during cooling. 
The mechanical properties of the gel depended on the concentration of gelatin in water.   
A gelatin (Knox unflavored gelatin, Kraft Foods Global, Inc.) was mixed with R6G 
solution. Gelatin was prepared according to the instruction that provided by the product. However 
an R6G solution in DI water was used instead of drinking water as a solvent. 5 ml of R6G solution 
with different concentrations were heated to 50 ~ 60 °C, and 1 g of gelatin powder was dissolved  
 
Fig. 4.7 Gelatin with different concentrations of Rhodamine 6G. 
1 mM 100 μM 10 μM 1 μM 100 nM 10 nM 1 nM 
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into the warm R6G solution. In order to facilitate the mixing, it was stirred until gelatin particles 
are not visible, and then the mixture was left at room temperature for 2 hours. Fig. 4.7 shows the 
final form of gelatin with R6G analytes. 
4.4 Reflection and Transmission of Nanorough Gold in Fluidic Cell 
A transparent Surface-Enhanced Raman Scattering (SERS) substrate, called nanorough 
gold, was prepared with gold (Au) deposited on cast epoxy from the porous silicon (PS). For the 
SERS enhancement, the transparent SERS substrate was tested under a Raman spectrometer with 
Rhodamine 6G (R6G) solution. As stated in the previous chapter, the R6G solutions were injected 
through a fluidic cell which was assembled with a transparent nanorough gold substrate. The 
fluidic cell was measured on the Raman specimen stage, and a laser beam was directly focused on 
the top of the nanorough gold, called “viewing gold” equal to reflection measurement. Different 
concentrations of the analytes, a factor of 106 from 1 nM to 1 mM of R6G, were injected through 
a fluidic channel having 1 mm2 in cross-sectional area. Solutions with a lower concentration were 
first injected in order to minimize the interaction with higher concentrated solutions. The laser was 
focused on the nanorough gold with 80 nm gold deposition through the glass-slide, on the bottom 
layer of the fluidic cell. The measured results are shown in Fig. 4.8 with different concentrations 
of analytes over the surface of the nanorough gold substrate. One assumption in this measurement 
is that no concentration change occurs when a higher concentrated solution replaces a lower 
concentrated solution. The original 50x objective on the spectrometer has a short working distance, 
so it does not provide an appropriate moving range for a multi layered fluidic cell. Therefore, the 
objective was replaced with a compatible long working distance 50x objective (ULWD MSPlan 
50, Olympus Co. of the America) for all measurements. 
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According to the etching process, three different substrates including the not etched, only 
the dry etched, and the wet and dry etched silicon are prepared. SERS measurements of these three 





 Fig. 4.8 Raman signals from 80 nm of gold in contact with the Rhodamine 6G  




1 nM to 1 mM were applied. The strongest signal was measured for the cast epoxy from the both 




 Fig. 4.9 Raman signals from 1 nM to 1 mM R6G on 80 nm gold on three types of  
 substrates. The intensities of the Raman signals was obtained at the 1362 cm-1  
 and signals from both etches shows the highest signals. The dotted curve shows  
 shifted peaks in spectrum below 1 μM R6G solution on the substrate with no  
 etch [77].  
 
  
The cast epoxy from the unetched silicon shows the lowest signal compared to the other 
two etching methods for all concentrations. Fig. 4.10 shows the measured R6G spectra of the cast 
epoxy substrate with 80 nm gold deposition. Overall, the spectra show a similar shape for all types 
of the cast epoxy substrate with different etching processes in the scanned range. However, below 
1 μM of R6G, the spectrum is slightly shifted. It is believed that it still belongs to the R6G spectrum 




 Fig. 4.10 Surface-Enhanced Raman spectra on the cast epoxy substrate with  
 no etching of the silicon wafer [77]. 
 
 SERS measurements in reflection and transmission were also compared with different gold 
thicknesses. In contrast to the reflection measurement, transmission measurement means laser 
beam is focused on the nanorough gold after passing through glass and epoxy. Firstly, reflection 
measurement of both wet and dry etched and only dry etched silicon wafers was analyzed. The 
applied gold thicknesses are 20 nm, 50 nm, and 80 nm over the cast epoxy, and the R6G spectra 
of are measured ranging from 1 nM to 1 mM within the fluidic cell, and the results are compared 




 Fig. 4.11. Surface-Enhanced Raman signals with additional gold on the epoxy casting  
 from both wet and dry etched silicon wafer. The cast substrates with 20 nm  
 gold and no additional gold can only detect R6G signals above the  
 concentration of 10 μM. [77]. 
 
 
 The epoxy casting from the wet and dry etched silicon is comparable to the epoxy casting 
from only the dry etched silicon. The Raman signal intensity of R6G over the epoxy casting from 
only the dry etched silicon was also measured with different concentrations shown as Fig. 4.11. 
The overall Raman intensities of cast epoxy from only dry etched silicon are lower than the cast 
epoxy from the both wet and dry etched silicon. In addition, it was observed that the pattern of the 
signal intensities by concentrations in Fig. 4.12 are quite similar to the ones in Fig. 4.11. Gold was 
sputtered under the same processing conditions, and the difference in Raman intensity between the 
two substrates shows the effect of the wet etching such as porous structures. In this measurement 
using cast epoxy from the dry etched only silicon, the Raman intensities could not be measured 






 Fig. 4.12 Surface-Enhanced Raman signals with additional gold on the epoxy casting  
 from dry etched only silicon wafer. The cast substrates with 20 nm gold  
 and no additional gold can only detect R6G signals above the concentration of  
 10 μM. 
 
 
Transmission measurements of the cast epoxy substrate with gold deposition were different 
from the reflection measurements. A fluidic cell containing the epoxy substrate was flipped, so 
that the gold layer on a cast epoxy was facing down against the incident laser beam, called 
“viewing through gold.” The transmission of the SERS measurement can be achieved, because the 
cast epoxy substrate with thin gold deposition is optically transparent as seen in subchapter 4.1. 
For transmission measurements, analytes ranging from 1 nM to 1 mM of R6G were injected by a 
syringe to fluidic cell as reflection measurement, and the same gold thicknesses 20 nm, 50 nm, and 
80 nm were employed. All results were compared as shown in Fig. 4.13 with the reference 
spectrum of 1362 cm-1. In low concentrations below 1 μM, the measurement SERS signals could 
not be obtained. The transmission characterization is important for building an endoscopic probe, 




 Fig. 4.13 Transmission of Surface-Enhanced Raman signals from epoxy casting from  
 both wet and dry etched silicon with different gold thicknesses [77]. 
 
 
The transmission measurement of the cast epoxy from only the dry etched silicon was also 
performed. The R6G signals from the measurement was detected only ranging from 10 μM to 1 
mM, but the measurement graph in Fig. 4.14 does not show any trend comparable to that of the 
cast epoxy from the both wet and dry etched silicon. The cast epoxy with no additional gold shows 
the highest R6G signal in the measured range. As a gold layer was added with 20 nm, 50 nm, and 




























 Fig. 4.14 Transmission of Surface-Enhanced Raman signals from epoxy casting  

















CHAPTER 5. REMOTE RAMAN 
 In this chapter, a remote Raman apparatus was built with a transparent Surface-Enhanced 
Raman Scattering (SERS) substrate as described in the previous chapters. In principle, the 
apparatus is composed of two parts: light transmission instrument and probe head. The light 
transmission instrument consists of multiple mirrors, arms and joints, which is called an articulated 
arm. The probe head contains a transparent SERS substrate, a gradient-index (GRIN) lens (NSG 
Group) and a small positive lens. Eventually, the collected SERS signals from the probe head are 
transmitted to a spectrometer through the articulated arm for analysis. 
 
5.1 Photon Transmission 
 In this research, a single mode fiber was tested with the GRIN lens for light guides, 
however strong background signals of the silica-glass fiber blocked the Raman signal from the 
target. In order to overcome the drawback, many research groups have used two optical fibers; one 
for the excitation light transmission and the other for the scattered Raman signal collection [87-
89], but this method increases the total volume of the probe as a result of the complex geometrical 
designs. In addition, some research groups have successfully collected Raman signals through a 
single optical fiber with high power of the incident laser [90] and a hollow optical fiber [91].  
However, the replacement of the laser is accompanied with sample damages and increased costs 
for the equipment. Some hollow photonic-crystal fibers were commercially available, however it 
does not provide high numerical aperture (NA) and transmission wavelengths of the fiber are 
limited during this research. 
 As an alternative method, external light transmission instrument, which is called an 
articulated arm, is built with several mirrors, arms and rotating joints as shown in Fig. 5.1. The 
light guided with the articulated arm is able to travel to remote sites as long as the arm can approach 
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the target. After taking microscope objective away from the spectrometer, the laser beam is slightly 
diverging, so an additional single positive lens which has a long focal length is placed in between 
M1 and M2. Thus, the laser beam is focused to a waist at the image distance of the lens, and the 
beam starts to diverge, again. When the beam reaches GRIN lens surface, the spot diameter is the 
same as GRIN lens diameters. Then, the laser beam is focused on the nanorough gold through 
GRIN lens. 
The total number of the applied mirrors in the light transmission instrument is seven: two 
external mirrors guiding the light to the articulated arm and five internal mirrors in the articulated 
arm. M1 on the stage of the spectrometer directs the incident light to the arm entrance and M2 on 
the base of the arm support directs the light along the axis of the arm. The combination of the M1 
and M2 mirrors is able to precisely manipulate laser beam paths: M1 for laser beam positions and 
M2 for laser beam angles. The incident light can also be rotated with the right angled elbows where 
45° tilted mirrors are mounted, and the rest of the mirrors at elbows are united with arms. B is 
located on a circle of radius L1 (34 cm) length on point A, and point C makes another rotation of 
a radius L2 by the centered point B based on the illustration in Fig 5.1. A couple of mirrors at the 
last two rotating joints enable the laser beam to point at any direction. Therefore, the probe head 
can be positioned within the toroidal volume that is scanned by the circular rotations of the two 
arms. The practical scanning volume is about 1/6 volume of torus which is determined by the 
lengths of two arms. In this design, L1 is basically longer than L2, therefore it is able to scan the 
volume of 2πL1 × (πL2)2. Since the articulated arm is placed on a support table, the motion range 
of the arm (L1) is limited to 90 degrees. The power loss of laser beam at each reflection of the 
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5.2 Probe Head Design 
The probe head is one of the most significant parts in a remote Raman apparatus because 
the probe head needs to contact the target analytes during a scan. Thus, the probe head must be 
small both and biocompatible. The probe head mainly consists of two elements: a GRIN lens and 
a SERS substrate. A GRIN lens is designed to focus the light using a continuously changing 
refractive index as shown in Fig. 5.2. The light within the lens material follows a sinusoidal path, 
therefore a full length of the light path is 2π which is known as one pitch. GRIN lenses are available 
with diameters of 1 and 2 mm. Also, GRIN lenses are available that focus the light on the back 
surface of the lens, so it allows for a direct contact with the target specimen. Because of their small 
diameter GRIN lenses are often used in optical probes. In this probe head development, two types 
of cylindrical GRIN lens, 2 mm in diameter and 2.6 mm and 5.2 mm in length, were tested. The 
periods of the GRIN lens correspond to π/4 and π/2, respectively as illustrated in Fig. 5.2 (a) and 
(b). If parallel light enters a π/4 GRIN lens, the light is focused at a point with a significant working 
distance. If parallel light enters a GRIN lens with a π/2 period, the light is focused at the other end 
of the GRIN lens.  
Instead of direct attachment of SERS substrates to the GRIN lens, a first design was 
proposed for test purposes of GRIN lens with SERS substrate on glass slides. Thus, the SERS 
substrate was initially bonded to the glass slide with ultraviolet (UV) curable epoxy which has the 
same refractive index as glass. The nanorough gold (Au) of the SERS substrate was attached to 
the target area at which an incident parallel beam from the spectrometer was focused through the 
GRIN lens, air gap, and a layer of the epoxy. The GRIN lens, 2 mm in diameter and2.6 mm in 
length, had a period of π/4, and it was implanted in a screw which has a hole 2 mm in diameter 
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(Fig. 5.3). Focus of the light on the nanorough gold of the SERS substrate was manipulated by 
adjusting the height difference of the GIRN lens along the screw.  
 
 Fig. 5.2 The schematic of light propagation in (a) π/4 and (b) π/2  
 gradient-index (GRIN) lenses.  
 
Through the articulated arm, the Raman spectrum measurement was tested with 1 mM 
Rhodamine 6G (R6G). 5 ml of 1 mM R6G solution was mixed with 1 g of the gelatin powder to 
forms a gel. The first probe head was moved and gently pressed into the gel to make a proper 
contact with the nanorough gold surface. The screw with GRIN lens was positioned through the 
threads in order to make a focus. In about 1 mm distance away from the lowest position of the 
screw, the first type of probe gathered R6G signals, but the intensity was relatively low as shown 
in Fig. 5.4. 
It is believed that the low Raman intensities are related to the issues of inaccurate focusing 
with the inserted π/4 GRIN lens in the screw, and the additional gaps associated with air and glass 
between the GRIN lens and the SERS substrate. In the probe head, the GRIN lens is placed in the 
short screw which has a wide pitch and is wiggled with the thread, and therefore there are some 
difficulties for precise focuses. This indicates that the GRIN lens cannot focus the laser beam 
properly at the right position of the nanorough gold. In addition to the focusing, the laser beam 
from spectrometer causes light intensity loss due to beam spots larger than the diameter of the 
GRIN lens. In order to build an improved probe design, it was decided to add one more single 
(a) (b) 






 Fig. 5.3 The first probe head is assembled with the GRIN lens and the SERS substrate  
 in the housing. The GRIN lens is positioned with the screw and the SERS  




 Fig. 5.4 The remote Raman spectrum of the mixture (5 ml of 1 mM of Rhodamine 6G  





positive lens right before the GRIN lens. The second positive lens is able to make the slightly 
diverging beam into a converging beam in the space between the lens and the GRIN lens, and it 
diverges again toward the surface of the GRIN lens. The incident angle of laser beam from the 
second external positive lens to the GRIN lens determines the ultimate focusing distances after the 
GRIN lens. Moreover, π/2 GRIN lens with the second external positive lens provides a much 
higher axial magnification than the π/4 GRIN lens with a parallel laser beam. This helps to obtain 
a focus. In the experimental setup shown in Fig. 5.5, a suitable distance between the single positive 
lens and the GRIN lens must be found in order to make the accurate focus on the gold surface. In 
addition, the schematic at the bottom of Fig. 5.5 describes how the laser light propagates from the 
second positive lens to the GRIN lens, and it also shows the specific dimensions and distances of 
all lenses. If it is well focused on the nanorough gold surface through the GRIN lens, the same 
laser light in size and path is reflected back to its original location. Then, the distance between the 
external positive lens and the GRIN lens was found for the probe head design. In the optical 
benchtop setup, a He-Ne laser is directed to the positive lens, 7.5 mm in diameter, through a 2 mm 
aperture in diameter. The focal length of the lens is 17.8 mm, and the initial distance between the 
second lens and the GRIN lens is 31.5 mm. The GRIN lens is placed on the x-y micrometer stage, 
so the GRIN lens position is moved to the positive x direction with a step of 254 μm. In order to 
make the reflection of the laser beam through the GRIN lens, 20 nm thickness of gold is deposited 
on a 250 μm thickness of smooth epoxy, and the nanorough gold substrate is attached to the GRIN 
lens with the UV epoxy. Thus, the total thickness of the epoxy is approximately 400 μm.  
A series of images are taken from the location of the 2 mm aperture by moving the GRIN 
lens in the x direction, and the photographs on the left side of Fig. 5.6 show the reflected laser on 
the aperture. The illustrations describe the laser beam path before and after the GRIN lens. As 
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mentioned earlier, the GRIN lens moves away with a step of 254 μm, but only eight pictures are 
chosen from the sequential pictures. When a distance of GRIN lens is 35.31 mm apart from the 
send lens, the laser beam is focused on 20 nm gold layer on epoxy which thickness is about 380 
μm. At this distance, the size of the laser beam just fills GRIN lens. If the GRIN lens moves closer 
to or further away from 35.31 mm, the laser beam through the GRIN lens becomes out of focus at 
the gold layer.  
An improved probe head was designed based on the lens focusing measurements. A block 
of aluminum was machined for the rigid housing and a 3 cm stainless steel tube was assembled by 
a thread for probe tip. A small positive lens was implanted in the housing, and π/2 GRIN lens (2 
mm in diameter and 5.2 mm in length) was inserted at the end of the tube with nanorough gold. 
In Fig. 5.7 (a), a photograph of the improved probe is displayed with the names of each 
element. The probe was installed in the articulated arm. Depending on the movement of the GRIN 
lens in the probe tip, the focusing position is changed. Figure 5.7 (b) displays the photographs 
taken from the computer monitor of the Raman spectrometer, and they show the focused spots at 
the various distances away from the closest points to the second external positive lens. One turn 
of the thread equals to about 0.790 mm in displacement. According to the pictures, the smallest 
laser spot is achieved when the thread is rotated 6.5 turns which corresponds to about 5.135 mm, 
but the focused spot position is slightly changed due to the thickness of the cast UV epoxy ranging 
from 300 μm to 500 μm. The variation is offset by the movement of the probe tip with GRIN lens.  
Locations of the focused laser on the nanorough gold through air, GRIN lens, and UV 
curable epoxy are experimentally verified by visual changes on the monitor of spectrometer. In 








 Fig. 5.5 The experimental test of the GRIN lens focusing distance depending on  
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 Fig. 5.6 The reflected laser beam from the gold surface makes the best focus  
 with the distance of approximately 35.31 mm between the second lens  




 Fig. 5.7 (a) A photograph of the improved probe and (b) the laser  
 focusing with the probe tip positons [92]. 
 
 the GRIN lens is compared to numerical calculations. If a laser is illuminated through the π/2 
GRIN lens in parallel, the light is focused at the other end of the GRIN lens, which is drawn in Fig. 
5.8 (a). However, if the incident laser beam enters to the GRIN lens diverging, the beam passes 
through the GRIN lens at an angle such that, it conjugates at a point some distance away from the 
surface of the GRIN lens as illustrated in Fig. 5.8 (b). 
Thus, a proper thickness of UV epoxy (LEpoxy) can be predicted by estimating where the 
conjugating point (LAir) is located. In this π/2 GRIN lens, the height (y) of ray trace is obtained 
depending on the position (x) in the lens by 
. 
It is assumed that when the GRIN lens moves in x distance, the other end of the lens is positioned 
at 5.2 [mm] - x, because the light path in the GRIN lens follows sinusoidal wave. Thus, the light 
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traveling in π/2 GRIN lens can be predicted in two different directions depending on the media 
such as air on the left and UV curable epoxy on the right as shown Fig. 5.8 (b). On both sides, the 
light travelling out of the GRIN lens propagates with an angle which makes conjugating points. 
 
Fig. 5.8 Schematic drawing for numerical calculation of laser beam propagation in (a) parallel  
 and (b) with a slope through π/2 GRIN Lens with 5.2 mm in length and 1 mm in radius. 
 






The distances of LEpoxy and LAir can be obtained by using the slope as shown below 
 and   
where nAir and nGRIN Lens are refractive index of air and GRIN lens, respectively. The factor of 
reflective index for LEpoxy is negligible, because nEpoxy and nGRIN Lens are comparable. According to 
the equations, the probe tip position can be predicted by comparing the real epoxy thicknesses and 
numerical calculation shown in Fig. 5.9. 
 
Fig. 5.9 Numerical model of epoxy thicknesses depending on the air gap. 
 
The improved probe with external second positive lens provides more accurate focusing 
by increasing focusing length. About 1 μm resolution on the nanorough gold with longer π/2 GRIN 
lens corresponds to 100 μm displacement of GRIN lens. Therefore, the following experiment was 
carried out to test the new probe under the same setup of articulated arm. The probe is installed at 
the end of the articulated arm, and it is inserted into a block of gelatin mixed with 1 mM R6G as 





















displayed in Fig. 5.10 (a). The measured spectra in Fig. 5.10 (b) shows a higher signal strength 
than the measurement with the previous probe at the reference of 1362 cm-1 by a factor of 5. 
Multiple data points have been measured more than 1 meter from the spectrometer, and those 




 Fig. 5.10 (a) photograph of the improved probe injected into a gelatin block mixed with a  
 1 mM Rhodamine 6G solution, and (b) Raman spectrum of 1 mM Rhodamine  
 6G through the probe and the articulated arm [92]. 
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CHAPTER 6. APPLICATIONS FOR BIOLOGICAL SPECIMEN; 
CHICKEN CARTILAGE 
  
Early detection is important for most diseases. Many medical sensors and molecular 
imaging tools require high sensitivity and resolution for diseases. One important area for the early 
diagnosis is the disease in cartilage, which is a tissue that is not only flexible, but also robust. 
Healthy cartilage functions to protect bones from rubbing against each other, while they are in 
movement [93]. However, its abnormality begins from the biomolecular level, and therefore is not 
easily detected by change in the appearance and color. For example, if the molecular structures of 
the cartilage have some changes at the initial stage by a certain disease such as osteoarthritis, 
current molecular imaging applications including computed tomography (CT) and magnetic 
resonance imaging (MRI) cannot precisely detect subtle changes at the molecular level [94, 95]. 
 Raman spectroscopy has the potential to detect even small molecular changes, since it is 
able to recognize individual “fingerprints” of chemical/molecular composition by inelastic light 
scattering. Abnormal changes in cartilage tissue can readily be detected by measuring the Raman 
scattering whose spectra are quite different from that of the normal cartilage. For instance, 
osteoarthritis (OA) is a well-known degenerative joint disease with advancing age [95, 96]. When 
cartilage suffers from osteoarthritis, the Raman spectra of the cartilage show similarities to the 
Raman signal of the bone. Normal chicken cartilage is measured under conventional Raman 
spectrometer with 50x microscope objective for 5 seconds integration time in this experiment, and 
the Raman signal is shown in Fig. 6.1 (a). The measurement is also carried out for the chicken 
bone under the same operating conditions of the Raman spectrometer, and the Raman spectra of 






 Fig. 6.1 Raman spectrum of (a) human cartilage and (b) human bone is corresponding  
 to the measured Raman spectrum of (c) chicken cartilage and (b) chicken bone  
 with 50x microscope objective and 5 seconds integration time [97, 98]. 
 
 
In addition, physical damage to cartilage is as serious as osteoarthritis disease since it may 
cause severe pain. There are three possible conditions: contraction, normal, and expansion of the 
cartilage tissues. In order to simulate these three conditions, fresh chicken cartilages were stored 
in three different solutions: hypertonic saline, isotonic saline and hypotonic saline overnight. In 
Fig. 6.2 (a), (b), and (c), Raman spectrum of the hypertonic, hypotonic, and isotonic saline are 
compared with conventional Raman spectrometer. Surface-Enhanced Raman Scattering (SERS) 
should amplify the signals, making small changes of the spectrum more distinguishable. The 
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possibilities of enhanced Raman scattering were tested with the conventional Raman setup, hence 
direct gold deposition on the cartilage is needed. However, if the gold is deposited on the cartilage 




 Fig. 6.2 Three cartilages are prepared with (a) hypertonic saline, (b) hypotonic  
 saline and (c) isotonic saline, and Raman spectra are measured with  




Thus, chicken cartilage is sanded down from 180 grit (82 μm) to 1000 grit (10 μm) sandpaper to 
make a flat surface as shown in Fig. 6.3 with 440X magnification of microscope, and the gold 
deposition was done by sputtering. The Raman signals are compared with and without the 30 nm 
gold deposition in Fig. 6.4 (a) and (b), and the calculated enhancement factor is about 20. The 
concentration of the solid specimen cannot be changed, and therefore the calculation of the 
enhancement factor is different from the normal SERS enhancement calculation. The usage of the 
SERS can possibly contribute to the early detection with the chemical/molecular composition 






 Fig. 6.3 Chicken cartilage after sanding with 10 μm grits in order to  







clinical Raman probe using SERS is applied for osteoarthritis detection, it is able to perform in-
vivo diagnosis without sample collection as required by the conventional Raman spectrometer. 
This is also significant because it detects whether SERS within the solid cartilage, since cartilage 
is a soft tissue which is very different from target samples dissolved in water for conventional 
Raman spectrometer.  
 
 




To begin the chicken cartilage detection, only the probe head is used without the articulated 
arm for the Raman measurement of chicken cartilage in order to check the functionality of the 
probe in a short distances. The cartilage stored in isotonic saline is placed on the spectrometer 
stage and the probe is pressed against the cartilage. The laser beam was focused at the junction 
between the nanorough gold and the chicken cartilage as closely as possible through the GRIN 
lens with sufficient pressure which left a 200 μm deep dent from on the cartilage. The short 
distance measurement was carried out and the Raman spectra shown in Fig. 6.5 indicates that the 
same signal was measured compared with the conventional Raman spectrometer, based on the five 
significant peaks represented with the small dots in Fig. 6.5. However, the overall signal intensities 
were very small although the chicken cartilage signals could be detected through the probe. It 
seemed that the probe was suitable for the Raman measurement, but not for the enhanced Raman 
signals. Thus, the Raman intensities are not sufficiently amplified, so the intensities were quite 
low. One possible reason for the low signal intensities is bad contact between the nanorough gold 
of GRIN lens and the soft chicken cartilage. Even micron spaces between the SERS substrates and 
the target analytes diminish a lot of signal intensities. In spite of soft tissues of chicken cartilage it 













 Fig. 6.5 Probe measurement with 30 nm nanorough gold against the chicken cartilage  













CHAPTER 7. SUMMARY, CONCLUSION AND FUTURE WORK 
7.1 Summary and Conclusion 
A clinical Raman probe utilizing Surface-Enhanced Raman Scattering (SERS) was 
developed in this research as part of molecular imaging technology. A new transparent Surface-
Enhanced Raman Scattering (SERS) substrate was prepared and characterized. It was assembled 
with an articulated arm which transmits laser light from the spectrometer to the transparent SERS 
substrate. One important advantage is that this probe is able to access a specimen at a remote site 
and the SERS effect at the end of the probe can still transmit sufficiently large Raman signals in 
contact with specimen. 
The preparation processes of the SERS substrate are described in Fig. 6.1. A porous silicon 
(PS) wet etching process and reactive ion etching (RIE) dry etching process have been applied to 
prepare a master mold for casting transparent SERS substrates. Over each master mold, a gold 
layer was deposited as a releasing layer in order to facilitate the epoxy casting. Additional gold 
layers were also deposited on the cast rough epoxy. Raman measurements were performed within 
fluidic cells which was assembled with two glass microscope slides, and target solutions 
containing Rhodamine 6G (R6G), were injected into the cells. SERS measurement was carried out 
on the prepared substrates and the characteristics in reflection and transmission were compared. 
The characteristic analysis of SERS substrate was used for achieving the proposed concept of a 
prototype clinical Raman.  
The prepared SERS substrate was initially attached to the glass slide working with π/4 
GRIN lens for the first probe setup. The first probe was used for the remote Raman measurement 






Fig. 7.1. The processing flow for the transparent SERS substrate. 
 
 
of gelatin was placed more than 1 meter away from the spectrometer and the probe approached to 
the specimen. Lower R6G signals were measured from the remote Raman setup.  
One of the disadvantages was that the probe setup could not provide fine focusing on the 
nanorough gold due to the low axial magnification with π/4 GRIN lens. In order to improve this 
weakness, a longer π/2 GRIN lens was substituted instead of the short π/4 GRIN lens. In addition 
Dry Etch Wet and Dry Etch 
Au Deposition  








to the GRIN lens replacement, an external positive lens before the GRIN lens was inserted to 
provide higher axial magnification, and the best focusing distance of the GRIN lens was examined 
with the optical measurement setup. The focusing location of the laser beam was defined by 
adjusting the distance between the small positive lens and the GRIN lens. The small lens was 
installed in the designed aluminum housing, and the GRIN lens with SERS substrate was inserted 
in the stainless steel tube having a thread. Eventually, an improved probe was developed for remote 
Raman measurement.    
Transmittance of a signal from a SERS substrate was another issue for the Raman 
measurement, hence the articulated arm was designed with rotating joints. The arm was composed 
of five rotating joints each of which has tilt mirrors, and each rotating joint was assembled with 
rigid pipes. Three rotating joints were able to position the probe within a 3 dimensional volume – 
1 foot high x 1 foot diameter and the last two rotating joints allowed pointing the probe at any 
angle. Eventually, the probe was inserted into the 1 mM R6G gelatin block and demonstrated 
successful measurements from remote areas. In addition, the remote Raman apparatus is applied 
to the actual biological specimen such as a chicken cartilage so that the probe potentially can be 
used for osteoarthritis detection. 
7.2 Future Work 
 Application of a remote clinical Raman probe utilizing SERS are proposed here for 
practical clinical usage. Clinical probes face more challenges than the enhancement of the SERS 
substrate and the articulated arm transmission efficiency. 
 Developing a SERS substrate is one challenge for collecting high signal intensities. 
Nanorough gold attached at the end of the probe head has presented some preliminary results 
against gelatin including concentration controlled R6G dye. However, it is believed that in 
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improved SERS substrate with a higher enhancement factor is necessary in order to detect other 
biomolecules such as deoxyribonucleic acid (DNA), because the 106 enhancement factor is 
relatively small compared to other published SERS substrates which reported a detectable range 
of DNA molecules. However, the existing probe still remains a possibility for the many clinical 
uses. 
 An articulated arm is another issue for the diminished probe efficiency from the detection 
areas to the spectrometer. The arm is composed of several mirrors with rotating joints and two 
lenses. Each mirror is normally aluminized, therefore its reflection efficiency is 89.5%. A total of 
five mirrors are used for the illumination to the sample, but the scattered light also passes through 
five mirrors in its path to the spectrometer. The scattered light intensity is much smaller than the 
focused laser light on the specimen. In addition, the lens does not have any treatment such as 
antireflection coating. Thus, the laser light intensity also decreases as it passes through the two 
lenses. Using multi-layered Al mirrors and anti-reflection layer coated lenses can minimize the 
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